The high-resolution microendoscope (HRME) is a novel imaging modality that may be useful in the surveillance of Barrett's esophagus in low-resource or community-based settings. In order to assess accuracy and interrater reliability of microendoscopists in identifying Barrett's-associated neoplasia using HRME images, we recruited 20 gastroenterologists with no microendoscopic experience and three expert microendoscopists in a large academic hospital in New York City to interpret HRME images. They prospectively reviewed 40 HRME images from 28 consecutive patients undergoing surveillance for metaplasia and low-grade dysplasia and/or evaluation for high-grade dysplasia or cancer. Images were reviewed in a blinded fashion, after a 4-minute training with 11 representative images. All imaged sites were biopsied and interpreted by an expert pathologist. Sensitivity of all endoscopists for identification of high-grade dysplasia or cancer was 0.90 (95% confidence interval [CI]: 0.88-0.92) and specificity was 0.82 (95% CI: 0.79-0.85). Positive and negative predictive values were 0.72 (95% CI: 0.68-0.77) and 0.94 (95% CI: 0.92-0.96), respectively. No significant differences in accuracy were observed between experts and novices (0.90 vs. 0.84). The kappa statistic for all raters was 0.56 (95% CI: 0.54-0.58), and the difference between groups was not significant (0.64 vs. 0.55). These data suggest that gastroenterologists can diagnose Barrett's-related neoplasia on HRME images with high sensitivity and specificity, without the aid of prior microendoscopy experience.
Introduction
Barrett's esophagus (BE) is a precancerous condition arising from chronic acid-related injury to the distal esophagus. Patients with BE have a 30-fold increased risk of developing esophageal cancer, one of the fastest rising cancers in the United States today. [1] While esophagogastroduodenoscopy with four-quadrant biopsies is the gold standard for surveying patients with BE, the efficiency and accuracy of this approach are less than optimal. Random biopsy protocols, however, have been shown to miss >50% of all dysplastic lesions. [2] [3] [4] Moreover, the diagnostic yield of random biopsies is low, leading to a large number of unnecessary, non-neoplastic biopsies with added procedure time and cost. [5] [6] [7] High-resolution optical imaging technologies such as confocal laser microendoscopy (CLE) have been used to provide in vivo histological data to aid in the diagnosis of gastrointestinal neoplasia [8] and with the diagnosis of BE. [9] CLE has been shown to increase the diagnostic yield of endoscopic surveillance in BE. [5] However, current usage is mostly limited to academic centers due to both the high cost of these platforms (>$125 000) and the steep learning curve required for image interpretation. [10] Our group has developed a lowcost (<$4000), portable, battery-operated, high-resolution microendoscope (HRME) that provides subcellular imaging of the epithelium when used in conjunction with a nuclearspecific topical contrast agent. [11] The device consists of a 1-mm diameter, flexible, fiberoptic probe that is passed through the accessory channel of an endoscope and can provide a real-time view of the mucosa when placed in gentle contact with the mucosal surface. [12] When used with topical proflavine hemisulfate 0.01% (w/v) for fluorescent contrast, the device provides high-resolution images that can be used to delineate normal squamous epithelium from Barrett's metaplasia and further distinguish intraepithelial neoplasia (highgrade dysplasia [HGD] or cancer). [13] Because this device is portable and of significantly lower cost than other 'optical biopsy' technologies, it may be a feasible alternative to CLE in community-based settings or areas outside of tertiary care centers. However, the accuracy and interrater reliability of new users in interpreting these microendoscopic images has not been evaluated previously.
The goal of this pilot study was to assess the accuracy of the interpretation of HRME images by gastroenterologists to diagnose BE-associated neoplasia (HGD and cancer) and also to determine whether general gastroenterologists without prior experience in microendoscopy could be rapidly trained to interpret HRME images. To this end, we evaluated both the accuracy and the interrater reliability of HRME image interpretation using in vivo images obtained with HRME.
Methods

HRME
Technical details on the HRME design and assembly ( Fig. 1 ) have been thoroughly described in Muldoon et al. [11] and Pierce et al., [13] and the use of this device in endoscopy has been previously described by Muldoon et al. [12] Briefly, the system operates as a compact, battery-powered fluorescence microscope, coupled to a flexible, 1-mm diameter fiber-optic imaging probe. Light-emitting diode illumination (output spectrum centered at a wavelength of 455 nm) is delivered from the HRME unit, through the imaging probe, to the tissue surface. Light returning from the tissue is transmitted through the same probe back to the HRME unit and imaged onto a charge-coupled device camera through a 490-nm long pass filter. Images are displayed on a computer screen in real-time at 12 frames per second. The probe used in the current study provides a 750-µm diameter field of view with 4.5 µm spatial resolution and can be reused at least 50-70 times before replacement, after being disinfected with Cidex in between patient use (Fig. 2) . A comparison between technical specifications in CLE and HRME is shown in Table 1 .
HRME image acquisition
Consecutive patients undergoing BE surveillance for metaplasia, dysplasia, and/or evaluation for endoscopic therapy for HGD or intramucosal cancer were enrolled in an institutional review board-approved protocol. A single endoscopist performed standard upper endoscopic examination using a high-definition white-light endoscope. Suspicious and non-suspicious areas were then targeted for HRME imaging. In each patient, 2-4 mL of 0.01% proflavine hemisulfate was sprayed on the mucosa using a standard endoscopic spray catheter. Proflavine, which was used under an Investigational New Drug (IND) application from the Food and Drug Administration (IND 102 217), is a bright fluorescent contrast agent that selectively labels cell nuclei, with peak absorption and emission wavelengths of 445 nm and 515 nm, respectively. The HRME probe was inserted through the endoscope accessory channel and gently placed against the mucosa. Images were displayed as continuously streaming video throughout the procedure, with short video sequences captured with the probe placed at each site of interest. In order to ensure accurate histopathologic correlation, the level and quadrant of each site was recorded, and a dimple was placed at the time of imaging using the 1-mm HRME probe tip. A biopsy was obtained from this area within 10 seconds of imaging with the HRME. Each biopsy specimen from an imaging site was labeled and packaged separately at this time. All biopsies were interpreted by an expert gastrointestinal pathologist who was blinded to the HRME interpretation.
Statistical analysis
Interrater reliability between all endoscopists and within subgroups was assessed using the unweighted kappa statistic. [16] The calculations were performed using the MAGREE function macro in SAS (Version 9.2, SAS Institute, Inc., Cary, NC, USA), modeled after a previously reported method. [17] Measures of diagnostic accuracy were calculated for each individual rater and then averaged within each group (HRME expert, HRME novice, etc.).
The kappa values were interpreted as a value of 1.0 (perfect agreement), 0.8-1.0 (high agreement), 0.6-0.8 (substantial agreement), 0.4-0.6 (moderate agreement), 0.2-0.4 (fair agreement), and 0.0-0.2 (slight agreement). [18] A two-sided P-value of <0.05 was considered to demonstrate a statistically significant difference, using the normal z-test.
Results
Images were obtained from a total of 28 patients. The mean age of the patients was 63.3 years. Sixty-eight percent of the imaged population were male and 32% were female. Eighttwo percent of patients identified themselves as White, 11% as Hispanic, 3.5% as Black, and 3.5% did not specify. Among the 28 patients, nine had no evidence of BE, seven had IM, four had LGD, and eight had evidence of neoplasia, as defined by either HGD or esophageal adenocarcinoma (EAC).
A total of 67 sites were imaged from the full set of 28 patients, with 35 sites showing a normal gastroesophageal junction (normal squamous or normal gastric mucosa), 14 sites showing IM, eight sites showing LGD, and 10 sites showing neoplasia (Table 2) . Of the 18 sites that revealed LGD or neoplasia, four were from areas that were not initially deemed suspicious during white-light endoscopy. The diagnosis at all sites was obtained through standard histopathology as interpreted by a single expert pathologist (A. D. P). From the 67 sites, a total of 51 high-quality images were chosen for inclusion in the study based on previously mentioned exclusion criteria. Images were divided into a training and test set, each including images corresponding to all types of diagnoses encountered in the study (Table 2 ). There were no complications or adverse events related to imaging with the HRME or use of topical proflavine, and the entire imaging process added 6-8 minutes to the regular endoscopic evaluation.
The overall sensitivity of all 23 raters for the identification of neoplasia (HGD or EAC) was 90% (95% confidence interval [CI]: 88-92%), and the specificity was 82% (95% CI: 79-85), yielding a positive predictive value of 72% (95% CI: 68-77%) and a negative predictive value (NPV) of 94% (95% CI: 92-96%). No statistically significant differences in overall accuracy were observed between the expert and novice groups (90% vs. 84%), although one novice rater was an outlier (Figs 4, 5) . The kappa statistic for interrater reliability was moderate at 0.56 (95% CI: 0.54-0.58). While higher agreement was seen among experts, the difference between expert and novices did not achieve statistical significance (0.64 vs. 0.55).
We also examined the accuracy of raters in identifying any Barrett's mucosa; that is, distinguishing Barrett's metaplasia with LGD and neoplasia (HGD and adenocarcinoma) from the normal gastroesophageal junction (gastric cardia and squamous-lined esophagus). The sensitivity in all raters was 93% (95% CI: 91-95), and the specificity was 74% (95% CI: 70-78). The specificity was 91% (95% CI: 82-100) in the expert group, which was significantly higher than the specificity of the novice group at 71% (95% CI: 67-76). The kappa statistic for interrater reliability among rater groups in classifying normal versus abnormal images was 0.83 in the expert group and 0.56 in the novice group, a statistically significant difference.
Discussion
This preliminary study demonstrates that general gastroenterologists with no prior microendoscopy experience can be rapidly trained to interpret HRME images obtained from a portable fiber-bundle device with a high degree of diagnostic accuracy (sensitivity = 90%, specificity = 82%) and moderate interrater reliability (kappa = 0.56). When experts and novices were compared, there was no statistically significant difference in the sensitivity (92% vs. 90%) or specificity (89% vs. 81%) of identifying Barrett's neoplasia, suggesting that new users can be rapidly trained to interpret HRME images. Among experts and novices the NPV for the detection of neoplasia (HGD and cancer) was 96% and 94%, respectively. This result suggests that community-based gastroenterologists with no advanced or microendoscopic experience may be trained to use this tool to select areas for biopsy more efficiently, potentially increasing diagnostic yield and improving surveillance efficacy. These preliminary accuracy rates are promising and approach those reported in similarly designed studies using confocal microendoscopic platforms (sensitivity 88%, specificity 96%). [19] A follow-up, prospective trial is ongoing to examine this accuracy with a larger number of patients in a real-time setting.
While we evaluated the ability of users to identify any BE as well as Barrett's-associated neoplasia, we chose not to evaluate the accuracy of the device for the identification of all dysplasia, but limited the analysis to HGD or cancer. Even among expert pathologists there is significant variability in the diagnosis of LGD, [20, 21] and similar studies using existing CLE platforms have also limited their evaluation of accuracy in the diagnosis of only HGD or cancer. [22] From a clinical standpoint this is the most important distinction to make because a diagnosis of either HGD or cancer necessitates intervention, whereas a diagnosis of BE or LGD would prompt continued surveillance.
The ideal role for microendoscopy is not for screening, but in a surveillance setting where it can be used to enhance diagnostic accuracy and reduce the number of biopsies obtained. With this in mind the high NPV seen in both new and expert users is favorable for ruling out cancers in the setting of surveillance. Because of the small field of view (720 µm diameter) of this and other 'optical biopsy' technologies, [19] the time needed to evaluate a long segment of Barrett's would be prohibitively long. Given this limitation, we feel that the best role for this type of microendoscopic imaging is in more accurately defining areas of abnormality seen on high-definition white-light endoscopy or other 'red flag' imaging modalities (narrow-band imaging, autofluorescence imaging, etc.), many of which have been shown to have high sensitivity but a high false positive rate. [23] Therefore, while we would not propose using a microendoscopic device such as the HRME alone as a primary screening modality, the accuracy rates seen in both expert and non-expert endoscopists in this study were promising and suggest that HRME may be used in conjunction with a widefield modality to more effectively evaluate suspicious areas seen on white-light endoscopy.
The accuracy of new users must also be interpreted in the context of the extremely short time frame given for the training. Based on the excellent accuracy of the three expert microendoscopists (sensitivity = 92%, specificity = 89%) as compared with the gastroenterologists who received a 4-minute training as their only experience with HRME (sensitivity = 90%, specificity = 81%), we expect further improvement in accuracy with increased duration of training and use, especially with improvements in specificity. The high accuracy for the detection of neoplasia among experts suggests another potential role for the device in high-risk surveillance settings, where it may enable real-time decision making, in conjunction with other imaging modalities. In this context an HRME diagnosis of neoplasia from a previously indeterminate lesion could trigger an immediate endoscopic mucosal resection, obviating the delay associated with histopathologic confirmation and a subsequent therapeutic procedure.
The high NPV achieved in this study suggests that first examining areas of concern with HRME could prevent many unnecessary, costly biopsies. Especially in light of the current recommendations for taking random, four-quadrant biopsies within the Barrett's segment, [24, 25] the potential exists for saving a significant number of unnecessary biopsies when this device is used, as biopsies would only be used to confirm abnormal pathology detected on HRME. This could potentially improve the overall cost-effectiveness of endoscopic surveillance, as the method of surveillance biopsies has been estimated to cost between $350 and $1200 for each procedure. [26] However, a formal cost-effectiveness analysis would be required in the future to prove that this applies in actual use.
One of the strengths of this study is that the raters were blinded to the clinical context of the HRME image because the gastroenterologists were given no additional clues that could help classify the lesions, such as the location or appearance of the lesion on white-light endoscopy (e.g. ulceration and nodularity). This allowed us to observe the diagnostic accuracy of the HRME image alone. An ongoing study is evaluating the real-time diagnostic accuracy of the device among a single expert (>50 HRME cases) in a prospective trial. This prospective trial should help determine whether the HRME can be used in conjunction with white-light endoscopy to more accurately guide biopsy sampling and facilitate real-time decision making.
A prior study with a similar study design showed that CLE with fluorescein, a systemic contrast agent, yielded 88% sensitivity and 96% specificity for the detection of neoplasia in the setting of BE, comparable with our findings using HRME. [19] While most studies examining the accuracy of CLE have used intravenous fluorescein as a contrast agent, some have combined intravenous fluorescein and topical acriflavine in order to increase visualization of epithelial surfaces. For example, Pohl et al. reported a sensitivity and specificity of 75% and 89-91%, respectively, using probe-based CLE in the diagnosis of Barrett's-associated neoplasia. [22] Because we used cellular features such as nuclear spacing and nuclear size to classify HRME images with a nuclear stain (proflavine), this may be a large part of the reason why we were able to obtain such high accuracy and good interrater reliability with HRME.
In Europe, Asia, and Australia, acriflavine has been used for several years as a fluorescent contrast agent in investigational imaging studies in the esophagus, [27] similar to those reported with our HRME. (Acriflavine is a commercially available mixture of proflavine and its N-methyl quaternary salt, euflavine.) Proflavine and other acridine-derived dyes are postulated to bind DNA reversibly and non-covalently by intercalating between base pairs. As a result, these dyes are well suited for use as nuclear contrast agents. Acridine-related compounds have been shown to induce DNA strand breaks in bacteria and yeast. However, in cultured human cells clastogenic effects have been seen, but acridines have not been shown to induce a wide range of other mutagenic effects. [28] While no comprehensive longterm studies of proflavine have been published, proflavine-containing compounds have been used extensively without reported mutagenic effects in humans. Proflavine has been used for a number of years as a topical antiseptic agent and is widely used as component of Triple Dye, a solution applied to the umbilicus of newborns to prevent infection. The proflavine concentration used in this study is 17.5 times lower than that of proflavine in Triple Dye. [29] Other compounds including methylene blue, crystal violet, and toluidine blue are routinely used to enhance visual contrast between normal and neoplastic tissues in the gastrointestinal tract and oral cavity, despite recognition that these agents interact with DNA and uncertainty existing over possible carcinogenicity. [30] In vitro assays have been reported in which photoactivated methylene blue was more than twice as mutagenic as proflavine under identical conditions. [31] The mutagenic effect of toluidine blue was also confirmed in vitro. [32] A limitation of this study is that we did not perfectly simulate the conditions of a clinical endoscopy during the evaluation of the HRME. First, raters were shown static images of esophageal and gastric tissue as opposed to real-time, dynamic images. Using static images allowed the authors to better illustrate and explain the characteristics of HRME images representative of normal mucosa, BE, and neoplasia. In addition this provided the advantage of removing poor-quality images with motion artifact. Testing raters using static, highquality images as a standard allowed better evaluation of their comprehension and application of diagnostic criteria obtained during the training. Evaluating images from the HRME and diagnosing changes in the esophageal mucosa in this way is slightly different from commenting on a moving image at the point of care. The test conditions were also very controlled, as the raters were not allowed to go back to prior images or spend more than 10 seconds evaluating an image, unlike in actual endoscopic practice. Despite this the novice raters managed to attain a very high level of accuracy and moderate interrater reliability in the face of the time constraint, which suggests that the accuracy could be even higher when raters are allowed to view the images on their own. Earlier studies examining the accuracy of confocal microendoscopic images used a similar method and reported similar accuracy rates. [9] An additional limitation of our study was that the population of patients examined in our study reflects the population of a large academic center. While the proportion of sites sampled that revealed HGD or EAC were similar to recent studies using CLE, [33] the prevalence in our population likely represents a higher prevalence than has been reported in larger reviews. [34] Given the higher proportion of patients with HGD or cancer in our population, we would expect a lower NPV as compared with the NPV that would be obtained in a population undergoing surveillance in the community. This suggests that the NPV seen in a community setting may be even higher than the 94% NPV we obtained in this study. Although a further limitation of this study is the relatively small number of patients who underwent imaging, continued evaluation of the HRME is ongoing as part of a prospective trial.
Finally, a limitation of the device itself is that it needs to be combined with a widefield optical imaging device, such as white-light endoscopy. While it was beyond the scope of this study to evaluate how this technology performs in conjunction with white-light endoscopy, this is currently being evaluated in a prospective trial. We believe that the purpose of this device will be to add specificity to the already high sensitivity in the detection of cancer with the use of white-light endoscopy and other widefield technology, such as narrow-band imaging and chromoendoscopy. In summary our current results suggest that novice microendoscopists were able to achieve high accuracy and moderate interrater reliability for the discrimination of neoplasia in images obtained using a novel, low-cost microendoscope. While these results are encouraging, further research is ongoing to establish the accuracy and interrater reliability in a clinical setting in real time. Schematic diagram of the high-resolution microendoscope (HRME). CCD, charge-coupled device; Cond, condenser lens; Em, emission filter; Ex, excitation filter; LED, light-emitting diode. Photo of the (a) high-resolution microendoscope (HRME) in a standard size briefcase and the (b) HRME probe inside the accessory channel of a standard endoscope. High-resolution microendoscope (HRME) image classification criteria of (a) normal squamous mucosa, (b) normal gastric cardia, (c) Barrett's metaplasia, (d) high-grade dysplasia, and (e) adenocarcinoma. Note: The brightness of the image does not correlate with the disease state. Rater accuracy of classification of Barrett's-related neoplasia high-grade dysplasia (HGD/ cancer) versus Barrett's and normal squamous and gastric mucosa. NPV, negative predictive value; PPV, positive predictive value. Sensitivity and specificity of classification of neoplasia high-grade dysplasia (HGD/cancer) versus non-neoplasia (Barrett's metaplasia, low-grade dysplasia [ LGD], normal squamous and gastric mucosa) for each rater. 
